Summary
The Pma1 H + -ATPase of Saccharomyces cerevisiae, which functions physiologically to pump protons out of the cell, is one of the most abundant proteins in the yeast plasma membrane (1) . It is a 100 kDa polypeptide, anchored in the membrane by ten hydrophobic α-helices ( Fig. 1;  ref. 2) and belonging to a widespread family of cation transporters known as the P 2 -type ATPases (6) . Members of the P 2 family in animal cells include the plasma membrane Na + , K + -and Ca 2+ -ATPases, gastric mucosal H + , K + -ATPase, and sarcoplasmic reticulum Ca 2+ -ATPase.
In recent years, the yeast H + -ATPase has emerged as a valuable prototype for studies of The H + -ATPase is made in the rough ER and delivered to the plasma membrane via the secretory pathway As expected, Pma1 H + -ATPase is synthesized and integrated into the membrane in the rough endoplasmic reticulum. Pulse-chase experiments suggest that it achieves a fully folded structure very rapidly, since it can be protected against trypsinolysis by physiological concentrations of ligands even at the earliest time points (22). The ATPase then travels to the cell surface via the secretory pathway (Fig. 2) , as shown by the fact that its biogenesis can be blocked by temperature-sensitive mutations in genes governing successive steps of the pathway: SEC18 name (lethal with sec thirteen), the LST1 gene was found in a screen for mutations that block growth when combined with a mutation in one of the known coat protein genes, SEC13.
Deletions of LST1 were also lethal in combination with mutations in SEC23, SEC24, or SEC31 (19). This kind of genetic behavior, in which a pair of mutations leads to a more severe defect than either one alone, is known as "synthetic lethality", and can frequently be traced to a physical interaction between the corresponding proteins. Indeed, Lst1p shares 23% sequence identity with Based on these and other results, Shimoni and co-workers (20) have suggested that Pma1 ATPase may contain a cytoplasmically exposed sorting signal that interacts weakly with Sec24p and more strongly with Lst1p, and serves to direct newly synthesized ATPase into ER-derived vesicles. An alternative model will be discussed at the end of the next section.
Lipid rafts help to carry the H + -ATPase through the Golgi to the plasma membrane. Conspicuously absent are ER-resident proteins and proteins destined for the sphingolipid-and ergosterol-poor vacuolar membrane. Thus, it seems reasonable to think of lipid rafts as the point at which proteins accumulate for delivery to the plasma membrane (31).
Because Pma1 ATPase and other plasma membrane proteins possess relatively long hydrophobic transmembrane segments (32, 33) , they may sort spontaneously into thick bilayers of the kind found in lipid rafts (34) . According to this model, there would be no need for a cytoplasmically exposed sorting signal on the ATPase itself; rather, the Sec23/Lst1p heterodimer would somehow tailor the budding vesicle to accommodate the bulky lipid raft (20 Like most other cell surface or secreted proteins, wild-type H + -ATPase travels from the Golgi to the cell surface via secretory vesicles, which bud from the Golgi to fuse with the plasma membrane. In fact, yeast contains at least two subpopulations of secretory vesicles, similar in size (100 nm) but separable by equilibrium isodensity sedimentation (35) . The ATPase is found in the major vesicle population, together with the cell wall form of endoglucanase (Bgl2p); the minor vesicle population contains periplasmic enzymes such as invertase and acid phosphatase, as well as secreted exoglucanase (Exg1p) (35).
As described above, there is no clear evidence that the H + -ATPase is catalytically active in the ER, although it can be protected from trypsinolysis there by ligands such as MgADP and orthovanadate. In the secretory vesicles, however, the ATPase is clearly able to hydrolyze ATP and pump protons at rates comparable to those seen in the plasma membrane; this property allows isolated secretory vesicles to be used as a convenient expression system for site-directed pma1 mutants (36) .
Abnormal H + -ATPases that reach the plasma membrane are retrieved by endocytosis and sent to the vacuole for degradation.
Wild-type Pma1 H + -ATPase turns over with a half-life of 11 hours, making it one of the most stable constituents of the yeast plasma membrane (37) . By contrast, the G381A mutant Summary and prospects for future work.
Taken together, the research described above has begun to define the path by which a highly abundant plasma membrane protein, the yeast H + -ATPase, travels from the ER to the cell surface. Further work should clarify the relationship between the sorting of newly synthesized ATPase into lipid rafts and the packaging of the ATPase into the appropriate subset of COPII vesicles. The location of these events within the ER will also be of interest, as well as the functional role of the exaggerated vesicular-tubular elements that form in pma1 mutants such as G381A. In parallel, further research is needed to understand the significance of the stepwise phosphorylation events that accompany movement of Pma1 ATPase along the secretory pathway.
Finally, Pma1p can serve as a valuable model for understanding quality control during biogenesis, since abnormal forms are recognized and removed at three successive points along the pathway. These and other aspects of ATPase biogenesis promise to be active subjects for study in the years to come.
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